Background {#Sec1}
==========

Epithelial ovarian cancer (EOC) is the second most common gynecologic cancer and the fifth leading cause of cancer-related death in the United States of America \[[@CR1]\]. The standard treatment for EOC is cytoreductive surgery followed by adjuvant chemotherapy. Despite significant improvements in the diagnosis and treatment of EOC, more than 70% of women are diagnosed at advanced stages, and the majority of them tend to relapse and die. Consequently, there is a great need for research to understand the molecular pathogenesis of ovarian cancer and spur the development of more specific and effective prognostic markers to improve patient outcomes.

The forkhead box (FOX) family of proteins consists of 19 sub-families of transcription factors. FOXO sub-family consists of four members, FOXO1, FOXO3, FOXO4, and FOXO6, with high protein homology \[[@CR2]\] that are involved in diverse intracellular signaling pathways, such as phosphorylation through the phosphoinositide 3-kinas (PI3K)/protein kinase B (AKT) signaling pathway, and these FOXO members also regulate cell-cycle arrest, apoptosis, DNA damage repair, and detoxification of reactive oxygen species by regulating specific genes \[[@CR3]--[@CR5]\].

Paired box 3 (PAX3) is a member of the paired box or PAX family of transcription factors \[[@CR6]\]. PAX3 and PAX7 comprise the group III subfamily, which share a high degree of sequence homology and similar genomic and functional organizations \[[@CR7]\]. These transcription factors play critical roles in cell proliferation, migration, differentiation, and tissue development \[[@CR8]\]. The role of PAX3 as an oncogene has been widely reported in various cancers, such as neuroblastoma, glioblastoma, melanoma, Ewing sarcoma, rhabdomyosarcoma, and gastric cancer \[[@CR9]--[@CR15]\].

FOXO1 is a negative regulator of the PI3K/AKT signaling pathway. Several tissue culture experiments have shown that FOXO1 is down-regulated in a wide variety of cancers, such as breast, kidney, prostate, and uterine cervix cancers \[[@CR16]--[@CR19]\]. Only a few studies have investigated FOXO1 alterations in EOC. Therefore, in this study, we evaluated the clinical significance of FOXO1 and PAX3 expressions in EOC by assessing their correlation with various clinicopathological characteristics, and performing functional studies to determine the role of FOXO1 in EOC.

Methods {#Sec2}
=======

Patients and tumor specimens {#Sec3}
----------------------------

Tissue samples from 212 EOCs, 57 borderline ovarian tumors, 153 benign epithelial ovarian tumors, and 79 nonadjacent normal epitheliums were included in the study. Tissue samples were obtained from patients who underwent primary surgery at Gangnam Severance Hospital between 1996 and 2012 and the Korea Gynecologic Cancer Bank as part of Bio & Medical Technology Development program of the Ministry of the National Research Foundation (NRF) funded by the Korean government (MIST) (NRF-2017M3A9B8069610). Tumor staging was assessed according to the International Federation of Gynecology and Obstetrics (FIGO) classification. Clinical information, including age, surgical procedure, survival time, and survival status, were collected from medical records. Response Evaluation Criteria in Solid Tumors (RECIST; version 1.0) was used to assess the patients' response to therapy by spiral computed tomography \[[@CR20]\]. Pathological reports were reviewed to obtain tumor grade and cell types. All tumor tissues were histologically examined by one gynecologic pathologist, and all biological samples were collected after obtaining informed consent from participants, according to the guidelines of the institutional review board (IRB) of Gangnam Severance Hospital.

Cell lines {#Sec4}
----------

Human ovarian cancer cell lines OVCA433 and OVCA429 were kindly gifted by Dr. Samuel C. Mok (University of Texas MD Anderson Cancer Center, Houston, USA). A polymerase chain reaction (PCR)-based method was done to test for possible contamination by mycoplasma according to the manufacturer's instructions (*i*-MycoPCR mycoplasma detection kit; iNtRON Biotechnology Inc., Seongnam, Korea). OVCA433 and OVCA429 cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin, and were cultured at 37 °C in a humidified atmosphere containing 5% CO~2~.

Immunoblotting {#Sec5}
--------------

Protein levels in OVCA433 and OVCA429 cells were measured by western blotting. OVCA433 and OVCA429 cells were homogenized in RIPA buffer (150 mM sodium chloride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.5, and 2 mM EDTA) containing proteinase inhibitor cocktail (Roche, Nutley, NJ) to lyse the cells. Then, cell lysates were centrifuged at 13,500×*g* for 30 min, and supernatants were recovered. Lysate supernatants containing about 30 μg of protein were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and analyzed by western blotting using anti-α-tubulin (mouse antibody clone\# sc-5286; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-FOXO1 (mouse antibody clone\# sc-374,427; Santa Cruz Biotechnology) antibodies.

Knockdown of FOXO1 by RNA interference {#Sec6}
--------------------------------------

Synthetic small interfering RNAs (siRNAs) specific for FOXO1 were purchased from Bioneer (Daejeon, Korea). The following sequences of FOXO1 and nonspecific (NS) siRNAs used: FOXO1 \#1 sense 5′-CUGCAUAGCAUCAAGUCUU-3′ and antisense 5′-AAGACUUGTUGCUAUGCAG-3′, FOXO1 \#2 sense 5′-GUCCAAGACAUAGCUGGUU-3′ and antisense 5′-AACCAGCUAUGUCUUGGACC-3′, and FOXO1 \#3 sense 5′-GAGGGUUAGUGAGCAGGUU-3′ and antisense 5′-AACCUGCUCACUAACCCUC-3′. For in vitro delivery, cells in a 6-well plate were transfected with 100 pmol of siRNA using Lipofectamine™ RNAiMAX reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The siRNA-treated cells were collected 3 days after transfection for western blot analysis.

Cell viability assay {#Sec7}
--------------------

Control and FOXO1 siRNA-transfected cells were seeded at 1 × 10^4^ cells per well in a 96-well plate, and incubated for 1, 2, or 3 days. At each time point, cells were mixed with 10 μL of EZ-CYTOX reagent (Cat. \# EZ-3000; Dogenbio, Seoul, Korea), and plates were incubated at 37 °C for 1 h. After shaking for 1 min on an orbital shaker, the absorbance was measured with a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA) at 450 nm. The experiment was performed in triplicate.

Cell migration assay {#Sec8}
--------------------

Cell migration was assessed by Boyden chamber migration assay. OVCA433 and OVCA429 cells were seeded (1 × 10^5^ cells) in the upper chamber (8 μm polycarbonate membrane; Neuro Probe \#PFB8) containing 56 μL of DMEM without FBS. DMEM supplemented with 10% FBS (27 μL) was added to the lower chamber, and the chamber was incubated for 24 h. Cells that migrated through the membrane were fixed with Diff-Quik fixative solution for 2 min, and stained with Diff-Quik staining solutions 1 and 2 for 2 min each. Then, non-migrated cells were removed with wipers, and invaded cells were counted in three random fields under Axio Imager.M2 Microscope (200× magnification; Carl Zeiss, Thornwood, NY). Each experiment was repeated three times.

Colony formation assay {#Sec9}
----------------------

In order to examine the clonogenicity, OVCA433 and OVCA429 cells were seeded with 250 cells in a 6-wells plate and cultured in DMEM supplemented with 10% FBS for 2 weeks. Colonies formed in each well were fixed with 3.7% paraformaldehyde sucrose and stained with 0.5% crystal violet for 30 min, and then washed with distilled water. Stained cells were dissolved in 2% DMSO for 20 min on an orbital shaker, and the absorbance was measured at 595 nm. Each cell group was examined in triplicate.

Tissue microarray and immunohistochemistry {#Sec10}
------------------------------------------

A tissue microarray (TMA) was constructed of tissue cores (1 mm) containing sufficient proportion of tumor cells punched from formalin-fixed paraffin-embedded tumor tissue blocks. TMA blocks were cut into 5-μm-thick sections on a rotary microtome, and then deparaffinized and rehydrated in graded ethanol. Next, the sections were treated with a 3% H~2~O~2~ solution in methanol for 30 min to quench endogenous peroxidase activity. Then, heat-induced antigen retrieval was performed by incubating the sections for 20 min in target retrieval buffer at pH 6.0 (Dako, Carpinteria, CA) for FOXO1 and in a buffer at pH 9.0 for PAX3 using a steam pressure cooker (Pascal; Dako). The slides were then stained with an anti-FOXO1 antibody (rabbit antibody, clone\# EP927Y, 1:400; Abcam, Cambridge, MA) and an anti-PAX3 antibody (rabbit polyclonal antibody, Cat. \# Ab216683, 1:200; Abcam) for 1 h at room temperature using Autostainer Plus (Dako). Antigen-antibody reactions were visualized by using En vision^+^ Dual Link System-HRP (Dako) and DAB^+^ (3, 3′-diaminobenzidine; Dako). The stained sections were dehydrated and counterstained with hematoxylin and mounted in Faramount Aqueous Mounting Medium (Dako). Appropriate negative and positive controls were included.

Evaluation of IHC staining {#Sec11}
--------------------------

The stained TMA sections were scanned using a high-resolution optical scanner (NanoZoomer 2.0 HT; Hamamatsu Photonics K.K., Japan) at 20× objective magnification (0.5 μm resolution). The scanned sections were analyzed with Visiopharm software, version 4.5.1.324 (Hørsholm, Denmark). Brown staining intensity was scored on a scale from 0 to 3 (0 = negative, 1 = weak, 2 = moderate, and 3 = strong) using a predefined algorithm and optimized settings. The overall IHC score (histoscore) was calculated as the percentage of positive cells multiplied by staining intensity (score range: 0--300).

Statistical analysis {#Sec12}
--------------------

Statistical analyses of FOXO1 and PAX3 expression data were performed by either Mann-Whitney or Kruskal-Wallis test, as appropriate. Kaplan-Meier method was used to assess the overall survival (OS) and disease free survival (DFS), and survival was analyzed by log-rank test using the cut-off values that showed the highest discriminative power (histoscores of 136 for FOXO1 and 156 for PAX3). Cox proportional hazards model was used to estimate the hazard ratios and confidence intervals (CIs) in both univariate and multivariate models. Statistical analysis was performed using SPSS version 23.0 (SPSS, Inc., Chicago, IL). *P*-value less than 0.05 was considered statistically significant.

Results {#Sec13}
=======

FOXO1 and PAX3 expression levels were elevated in EOC tissues {#Sec14}
-------------------------------------------------------------

To evaluate the protein expressions of FOXO1 and PAX3 in EOC, we analyzed FOXO1 and PAX3 protein levels in 212 EOC tissues, 57 borderline tumors, 153 benign tumors, and 79 nonadjacent normal epithelial tissues by IHC. Some samples were lost due to problems with the sectioning and staining of samples. Finally, FOXO1 data from 165 EOC tissues, 46 borderline tumors, 42 benign tumors, and 57 nonadjacent normal epithelial tissues, as well as PAX3 data from 167 EOC tissues, 42 borderline tumors, 31 benign tumors, and 70 nonadjacent normal epithelial tissues could be interpreted. Most FOXO1 immunoreactivity was observed in the cytoplasm, while most PAX3 immunoreactivity was in the nucleus (Fig. [1](#Fig1){ref-type="fig"}a). IHC scores for FOXO1 and PAX3 are summarized in Table [1](#Tab1){ref-type="table"}, and data revealed that FOXO1 and PAX3 expression levels were significantly higher in EOC tissues than in borderline tumors (both *p* \< 0.001), benign tumors (both *p* \< 0.001), and nonadjacent normal epithelial tissues (both *p* \< 0.001; Fig. [1](#Fig1){ref-type="fig"}b). In addition, FOXO1 immunoreactivity was positively correlated with poor tumor grade (*p* = 0.004; Fig. [1](#Fig1){ref-type="fig"}b). Although not significant, there was a trend towards a positive correlation between PAX3 immunoreactivity and CA125, as shown in Fig. [1](#Fig1){ref-type="fig"}b and Table [1](#Tab1){ref-type="table"} (*p* = 0.061). Next, we examined the association between FOXO1 and PAX3 expression. Spearman's rank correlation analysis revealed that FOXO1 expression tended to be positively correlated with PAX3 expression in EOC (*Spearman's rho* = 0.118, *p* = 0.149; Fig. [2](#Fig2){ref-type="fig"}). Fig. 1Immunohistochemical (IHC) staining of FOXO1 and PAX3 in epithelial ovarian cancer samples, **a** Representative images of IHC staining for FOXO1 and PAX3 in normal, benign, and borderline tumors and epithelial ovarian cancer (Cancer) tissue samples (scale bar: 50 μm). **b** Boxplots of IHC staining data (histoscores) according to various clinicopathological characteristics. Histoscores were calculated based on staining intensity and the area of positive staining Table 1Expressions of FOXO1 and PAX3 in relation to clinicopathological characteristics in IHC analysisNo.FOXO1No.PAX3Mean score\
(95% CI)*p-value*Mean score (95% CI)*p-value*All study subjects310110.9 \[105.7--116.0\]310125.2 \[119.7--130.8\]Diagnostic category Normal5785.3 \[79.9--90.8\]*\< 0.001*7093.6 \[87.2--100.0\]*\< 0.001* Benign4290.3 \[78.7--101.8\]3195.2 \[82.3--108.1\] Borderline4693.6 \[85.4--101.9\]42107.0 \[96.1--117.8\] Cancer165129.8 \[122.1--137.5\]167148.7 \[140.9--156.5\]FIGO stage*0.8540.230* I-II43131.1 \[115.2--147.0\]43143.3 \[130.8--155.8\] III-IV106132.8 \[123.3--142.3\]107154.1 \[143.9--164.2\]Cell type*0.9960.319* Serous120129.8 \[121.0--138.6\]122151.1 \[141.6--160.6\] Others45129.7 \[113.6--145.8\]45142.2 \[128.5--155.9\]Tumor grade*0.0040.365* Well/Moderate70118.1 \[106.9--129.2\]70153.7 \[141.3--166.0\] Poor90140.8 \[130.1--151.4\]89146.2 \[135.3--157.0\]CA125*0.4700.061* Negative25137.3 \[116.2--158.4\]27133.0 \[119.1--147.0\] Positive137129.5 \[121.1--137.8\]136153.0 \[144.1--161.9\]Chemosensitivity*0.1120.254* Sensitive144129.6 \[121.4--137.9\]147149.6 \[141.4--157.9\] Resistant10156.0 \[116.0--195.9\]10130.4 \[86.3--174.4\]*FIGO* International Federation of Gynecology and Obstetrics, *CI* Confidence interval Fig. 2Correlation between the expression levels of FOXO1 and PAX3. FOXO1 expression showed a tendency to be positively correlated with PAX3 expression in EOC. (*Spearman's rho = 0.118*, *p* = 0.149)

FOXO1 overexpression is associated with poor prognosis {#Sec15}
------------------------------------------------------

We then examined the relationship between FOXO1 expression and outcomes in EOC patients. OS and DFS were analyzed by Kaplan-Meier plots to determine the relationship between FOXO1 and PAX3 expression and survival (Fig. [3](#Fig3){ref-type="fig"}). Survival analysis included 165 EOC patients for FOXO1 and 167 EOC patients for PAX3 who underwent optimal debulking surgery. Kaplan-Meier plots demonstrated that patients with high FOXO1 expression (cut-off value: 137) or high PAX3 expression (cut-off value: 156) displayed significantly poorer OS (log-rank *p* = 0.001 and *p* = 0.011, respectively; Fig. [3](#Fig3){ref-type="fig"}a, c). DFS analysis showed significant survival disadvantages in patients with high FOXO1 or PAX3 expression (Log-rank *p* = 0.007 and *p* = 0.023, respectively; Fig. [3](#Fig3){ref-type="fig"}b, d). Furthermore, significant differences in both OS (*p* \< 0.001; Fig. [3](#Fig3){ref-type="fig"}e) and DFS (*p* = 0001; Fig. [3](#Fig3){ref-type="fig"}f) were observed for patients with high expressions of both FOXO1 and PAX3 compared to patients with low expression levels. Cox multivariate proportional hazards analysis showed that high FOXO1 expression (hazard ratio = 2.77 \[95% CI, 1.48--5.18\], *p* = 0.001) was an independent prognostic factor for poor OS (Table [2](#Tab2){ref-type="table"}). Notably, high expressions of both FOXO1 and PAX3 were strong independent prognostic factors for poor OS (hazard ratio = 4.60 \[95% CI, 2.00--10.55\], *p* \< 0.001; Table [2](#Tab2){ref-type="table"}), and high FOXO1 expression was an independent poor prognostic factor for DFS (hazard ratio = 1.71 \[95% CI, 1.05--2.78\], *p* = 0.029; Table [2](#Tab2){ref-type="table"}). Fig. 3Kaplan-Meier survival curves of patients with epithelial ovarian cancer. Epithelial ovarian cancer (EOC) patients with FOXO1+ (histoscore \> 137) and PAX3+ (histoscore \> 156) tumors showed significantly worse (**a, c**) overall survival (*p = 0.001* and *p = 0.011*, respectively) and (**b, d**) disease-free survival (*p = 0.007* and *p = 0.023*, respectively) compared to patients with FOXO1- and PAX3- tumors. Patients with high FOXO1/PAX3 expressions had worse (**e**) overall survival (*p* \< 0.001) and (**f**) disease-free survival (*p* = 0.001). Table 2Univariate and multivariate analyses of the associations between prognostic variables and overall and disease-free survival rates in epithelial ovarian cancerOverall survival hazard ratio\
\[95% CI\*\], *p*-valueDisease-free survival hazard ratio\
\[95% CI\*\], *p*-valueUnivariateMultivariateUnivariateMultivariateFIGO stage (III-IV)3.86 \[1.52--9.82\], 0.0043.04 \[1.15--8.04\], 0.0255.59 \[2.79--11.20\], \< 0.0014.98 \[2.30--10.79\], \< 0.001Cell type (serous)3.43 \[1.35--8.73\], 0.0092.24 \[0.84--5.93\], 0.1053.19 \[1.77--5.77\], \< 0.0012.14 \[1.00--4.58\], 0.049Tumor grade (poor)1.79 \[0.96--3.31\], 0.064NA2.08 \[1.34--3.23\], 0.0011.28 \[0.77--2.11\], 0.333CA125+ (\> 35 U/mL)1.74 \[0.62--4.89\], 0.290NA1.92 \[0.96--3.83\], 0.064NAAge (\> 50)1.79 \[0.96--3.35\], 0.067NA1.34 \[0.87--2.05\], 0.173NAFOXO1 + ^a^2.74 \[1.49--5.04\], 0.0012.77 \[1.48--5.18\], 0.0011.79 \[1.16--2.76\], 0.0081.71 \[1.05--2.78\], 0.029PAX3 + ^b^2.17 \[1.17--4.01\], 0.0131.56 \[0.82--2.93\], 0.1681.62 \[1.06--2.47\], 0.0251.00 \[0.64--1.57\], 0.980FOXO1+/PAX3+5.53 \[2.47--12.40\], \< 0.0014.60 \[2.00--10.55\], \< 0.0012.75 \[1.47--5.15\], 0.0011.84 \[0.97--3.50\], 0.061*CI*^†^ Confidence interval; *NA* Not applicable^a^Cut-off value of FOXO1^+^ was over 137 of IHC score; ^b^cut-off of PAX3^+^ was over 156 of IHC score; \**CI* Confidence interval, *FIGO* International Federation of Gynecology and Obstetrics, *LN* Lymph node; *NA* Not applicable

Knockdown of FOXO1 in ovarian cancer cells decreased cell viability, migration, and colony formation {#Sec16}
----------------------------------------------------------------------------------------------------

Maintaining proliferation, escaping growth suppression, and migration are three qualities that a normal cell must acquire to become a cancer cell. Therefore, to elucidate the biological functions of FOXO1 in EOC cells, we modulated intracellular FOXO1 expression in OVCA433 and OVCA429 cells and assessed cell proliferation and migration. OVCA433 and OVCA429 cells were transfected with either a FOXO1 knockdown (FOXO1 siRNA) vector or a control vector (no insert), and FOXO1 expression levels in transfected cells were measured by western blotting (Fig. [4](#Fig4){ref-type="fig"}a). To evaluate the proliferation ability, we analyzed the short-term and long-term effects by cell viability assay and colony forming assay. Cell growth was significantly lower in both FOXO1 siRNA-transfected cell lines than in negative control (siNC)-transfected cells (Fig. [4](#Fig4){ref-type="fig"}b). Also, colony formation was significantly decreased in both FOXO1 siRNA-transfected cell lines than in siNC-transfected cells (Fig. [4](#Fig4){ref-type="fig"}d). To investigate whether FOXO1 plays a role in the migration of EOC cells, we conducted Boyden chamber assay. The siRNA-mediated FOXO1 knockdown significantly altered cell migration compared to that of siNC- transfected cells (Fig. [4](#Fig4){ref-type="fig"}c). These data showed that FOXO1 plays a key role in the proliferation and migration of EOC cells. Fig. 4Effect of FOXO1 on the proliferation and migration of OVCA433 and OVCA429 cells. **a** Western blot analysis of FOXO1 expression following siRNA (siFOXO1)-transfection induced knockdown in OVCA433 and OVCA429 cells. FOXO1 protein expression was decreased compared to the levels of negative control (siNC) cells. **b** Curves of the viability of siNC- and siFOXO1-transfected OVCA433 and OVCA429 cells collected at different time points. The viability of FOXO1 knockdown cells decreased. **c** Cell migration assay of siNC- and siFOXO1-transfected OVCA433 and OVCA429 cells. Upper panel: representative images of migrated cells. Lower panel: quantitative results of cell migration experiments. The assay showed that FOXO1 knockdown (siFOXO1-transfected cells) resulted in decreased migration and invasion compared to negative control (siNC) cells. **d** Colonogenic assay performed on OVCA433 and OVCA429 cells. Upper panel: representative figures of colonogenic assay. Lower panel: quantitative results of colonogenic assay. Colony formation decreased in FOXO1 knockdown (siFOXO) compared to negative control (siNC). The number of asterisks (\*) indicates the level of significance: \**p* ≤ 0.05, \*\**p* ≤ 0.005. Data and error bars represent the mean ± SD of triplicate experiments.

Discussion {#Sec17}
==========

Despite significant improvements in the treatment of EOC, the mortality rate still remains high. Understanding the molecular mechanisms related to the progression and metastasis of EOC is necessary for the development of useful prognostic biomarkers. Transcription factor FOXO1 plays an important role in glucose metabolism, cell cycle progression, apoptosis, and differentiation \[[@CR3]\]. Although the functions of FOXO1 have not been fully elucidated, it has been shown to act as a tumor suppressor in various human cancers, including melanoma as well as prostate, bladder, and breast cancers \[[@CR21]--[@CR23]\]. However, the role of FOXO1 in the carcinogenesis of EOC is controversial. To gain insight into the role of FOXO1 in EOC and its relationship with PAX3, we performed IHC to detect FOXO1 and PAX3 in EOC tissues.

Our IHC analysis showed that FOXO1 is significantly upregulated in EOC tissues compared to borderline tumors, benign tumors, and nonadjacent normal epithelium (all *p* \< 0.001, Table [1](#Tab1){ref-type="table"}). In contrast to our results, FOXO1 is downregulated in tumors from other organs, such as the uterine cervix, kidney, breast, prostate, and endometrium \[[@CR16]--[@CR19], [@CR24]\]. Wang et al. reported that FOXO1 is downregulated in EOC \[[@CR24]\]. This discrepancy in the expression status of FOXO1 might be attributed to differences in methodology-related factors, such as IHC techniques, antibodies, and samples, as well as interobserver variations.

Next, the relationship between FOXO1 expression, as determined by IHC, and clinicopathological factors in EOC patients, including survival outcomes, was investigated. Cox multivariate analysis showed that FOXO1 is an independent poor prognostic factor for OS and DFS in EOC, which means that upregulation of FOXO1 in the cytoplasm follows malignant transformation in the carcinogenesis of in EOC patients, and is associated with poor prognosis. Similar to our study, a number of other studies have shown that high FOXO expression and/or activity is correlated with poor prognosis, whereas many other studies have shown that high expression and/or nuclear localization of FOXO is correlated with favorable prognosis \[[@CR25]--[@CR38]\]. As previously mentioned, Wang et al. reported that high FOXO1 expression in EOC was positively correlated with a good prognosis, which is the opposite of our results \[[@CR39]\]. These contradicting results could be due to differences between the two studies. First, Wang et al. analyzed survival data from the Cancer Genome Atlas (TCGA) database. TCGA data are quantitative mRNA expression levels, while our data are protein levels as determined by IHC analysis. Since many cellular processes after transcription are ultimately regulated by protein levels, there is a strong possibility of discrepancies between the two studies. Moreover, Wang et al. included only ovarian serous cystadenocarcinoma patients, while we included different histopathological subtypes, such as serous, mucinous, and endometrioid.

Since our analysis of clinical specimens suggested a critical role for FOXO1 in tumorigenesis, we examined the role of FOXO1 in tumor cell growth (proliferation) and metastasis (migration) in functional studies. In cell viability assay, siRNA-mediated FOXO1 knockdown in OVCA433 and OVCA429 cells led to decreased cell proliferation. In addition, migration assay showed that FOXO1 knockdown had negative significant effects on the migration of EOC cells. PI3/AKT signaling pathway is a key mechanism for the role of FOXO family members in various cancers. It has been shown that PI3K/AKT pathway negatively regulates the transcriptional activity of FOXO1, FOXO3, and FOXO4; however, when FOXO3 was coactivated with β-catenin, FOXO3 showed pro-tumoral activity \[[@CR40]\]. In addition, it was reported that matrix metalloproteinase-1 (MMP-1) is induced by FOXO1 and enhances the invasive potential of human breast cancer cells \[[@CR41]\]. Therefore, further molecular studies are needed to determine the detailed mechanism by which FOXO1 confers growth and invasion advantages to EOC cells.

To determine the mechanism underlying the role of FOXO1 in tumorigenesis, we focused on the correlation between FOXO1 and PAX3 in EOC, since PAX3-FOXO1 is a well-known fusion protein that is associated with alveolar rhabdomyosarcoma and modulates multiple signaling pathways involved in cell proliferation, migration, and death. Before evaluating the correlation between FOXO1 and PAX3, PAX3 expression in EOC was analyzed by IHC to determine the role of PAX3 in EOC. The results showed that overexpression of PAX3 in EOC tissues was significantly associated with poor prognosis, as reported in previous studies on melanoma, glioma, gastric carcinoma, and breast cancer \[[@CR12], [@CR42]--[@CR44]\]. Multivariate analysis showed that upregulation of both FOXO1 and PAX3 is a strong independent prognostic factor for OS. We also observed a non-significant trend toward a positive correlation between FOXO1 and PAX3. To our knowledge, there are only a few existing studies on the correlation between FOXO1 and PAX3. However, based on previous reports, there are some possible mechanisms to consider. First, FOXO1 and PAX3 might bind directly, as Kubic et al. showed that overexpression of FOXD3, a member of the FOX protein family, upregulated PAX3 expression in melanoma cells by the direct binding of FOXD3 to PAX3 promoter \[[@CR45]\]. Second, there might be other target genes that are activated or repressed by FOXO1 and PAX3. For example, activation of P13K/AKT was enhanced upon activation of FOXO1 in renal tumors and mammalian cells \[[@CR46], [@CR47]\], and Liu et al. reported that PAX3 was regulated by PI3K/AKT signaling pathways in thyroid cancer \[[@CR48]\]. FOXO1 is a well-known transcription factor that is activated in the nucleus, and its neo-cytoplasmic shuttling requires the balancing of a multitude of post-translational modifications. Furthermore, the localization of FOXO is roughly inversely correlated to PI3K activity \[[@CR49]\]. Activation of FOXO1 and PAX3 is a dynamic process. Therefore, determining the target genes of FOXO1 and PAX3 and the localization of other FOXOs would be useful for determining the functions of FOXO1 and its relationship with PAX3. Investigating the mechanisms related to the cellular activity of FOXO1 and PAX3 will likely contribute to the development of cancer therapies.

Conclusions {#Sec18}
===========

In summary, we investigated the role of FOXO1, both alone and in combination with PAX3 in EOC. Our results showed that FOXO1 was an independent prognostic factor for OS and DFS in EOC. Furthermore, high expressions of both FOXO1 and PAX3 were independent predictors of poor prognosis. PAX3 is very informative by itself, and based on this study the combination with FOXO1 and PAX3 may improve the prognostic classification of EOC.
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